Abstract: Treatment of patients with relapsed or refractory aggressive non-Hodgkin B-cell lymphoma remains an unmet clinical need, and the progressive myocardial toxicity related to cumulative, dose-dependent damage induced by anthracyclines represents a tricky issue in the planning of therapy. Pixantrone is a promising aza-anthracenedione with reduced cardiotoxicity and significant antineoplastic activity, and has been investigated in solid and hematologic tumors in several Phase I, II, and III trials. The aim of this review is to summarize the data reported so far on pixantrone as a salvage therapy in relapsed/refractory non-Hodgkin B-cell lymphoma.
Introduction
Treatment of patients with relapsed or refractory aggressive non-Hodgkin B-cell lymphoma (NHL) represents a challenge in everyday clinical practice. The standard approach for adult patients not achieving a complete remission or relapsing after anthracycline-based induction and eligible for intensive treatment includes a salvage combination based on the anti-CD20 antibody rituximab (in CD20-positive NHL) in combination with a non-cross-resistant platinum-containing regimen such as DHAP/DHAOX (dexamethasone, cytarabine and cisplatin/oxaliplatin), 1,2 ICE (ifosfamide, carboplatin, etoposide), 3, 4 or ESHAP (methylprednisolone, etoposide, cytarabine, cisplatin). 5, 6 Responders to reinduction usually undergo consolidation with high-dose therapy and autologous stem cell transplantation; 7 in selected cases, allogeneic stem cell transplantation may be considered. The outcome for patients not eligible for intensive treatment because of comorbidities, age, or poor performance status is dismal, and the goal of therapy is palliative; lenalidomide, gemcitabine, or other novel biological drugs within clinical trials are usually proposed, and localized radiation therapy may also be considered in the presence of large symptomatic masses. The management of relapsed/refractory patients remains an unmet clinical need, due to the poor prognosis and lack of therapeutic options. One of the trickiest issues that physicians have to face in the planning of treatment for patients in this setting is progressive myocardial toxicity related to the cumulative, dose-dependent damage induced by anthracyclines, which may lead to congestive heart failure. 8 In this review, we investigate the role of pixantrone, an anthraquinone-based inhibitor of topoisomerase II with reduced cardiotoxicity, as a salvage therapy in relapsed/ refractory NHL.
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Volpetti et al Pixantrone Pixantrone (CTI Life Sciences Limited, Welwyn Garden City, UK) is a compound belonging to the aza-anthracenedione family, and was developed from the molecular structure of anthracyclines nearly 20 years ago to reduce anthracyclinerelated cardiotoxicity while maintaining similar antineoplastic activity. The molecular structure of pixantrone ( Figure 1 ) is similar to that of mitoxantrone but without the 5,8-dihydroxy substitution pattern. These conformational differences reduce treatment-related cardiotoxicity by decreasing formation of free radicals and production of cardiotoxic alcohol metabolites. [9] [10] [11] [12] [13] The mechanism of action of pixantrone is partially similar to that of mitoxantrone and doxorubicin in that it involves DNA intercalation and nucleic acid compaction, and has only a weak inhibitory effect on topoisomerase II; moreover, it directly alkylates DNA, forming stable DNA adducts. 9, [14] [15] [16] [17] Pixantrone is an intravenously administered agent with a median half-life of 21 hours. It is weakly bound to serum protein (approximately 50%) and has a large volume of distribution (nearly 26 L). The pathway of elimination appears to be mainly nonrenal, with biliary excretion of the unmodified drug being the most important clearance mechanism. 18, 19 At present, clinical data regarding the safety of pixantrone are lacking for patients with impaired hepatic function. No drug interactions have been reported and no studies have been performed in humans; the data obtained in vitro analyzing the most common human cytochrome P450 (CYP) isoforms have shown possible mixed-type inhibition of CYP1A2 and CYP2C8 that may be of clinical relevance, while no other significant interactions with CYP have been observed. Moreover, pixantrone is a substrate for the membrane transport proteins, P-glycoprotein/BRCP and OCT1; agents that inhibit these transporters (ie, cyclosporine A, tacrolimus, ritonavir, saquinavir, or nelfinavir) may decrease hepatic uptake and excretion of the drug, resulting in higher toxicity. In contrast, inducers such as rifampicin, carbamazepine, and glucocorticoids may increase pixantrone excretion with a consequent decrease in efficacy. On the other hand, pixantrone has only a weak capability to inhibit P-glycoprotein, BCRP, and BSEP transport mechanism in vitro. Moreover, it inhibits OCT1-mediated transport in vitro although it seems unable to exert such action in vivo at clinically relevant concentrations. Finally, sex, age, and race seem not to have a significant influence on pharmacokinetics, with clearance being dependent only on body size. For this reason, dosing must be planned according to body surface area.
20,21
Preclinical studies
Preclinical models have investigated pixantrone in solid tumors and hematologic malignancies, and reported significant activity. In particular, the drug showed superior activity in hematologic neoplasms when compared with other agents (including anthracyclines) at different dosages, with a lower incidence of cardiotoxicity. [22] [23] [24] [25] The activity of pixantrone was initially compared with that of doxorubicin in murine lymphomatous and leukemic cell lines and in in vivo models, and was found to be superior. 26 Subsequently, toxicology studies were performed in murine models to investigate the maximum tolerated dose, which was found to be 65 mg/kg; the dose-limiting toxicity was mainly hematologic, ie, myelosuppression. Nevertheless, equipotent doses of mitoxantrone induced greater myelotoxicity and caused myocardial damage, which was not induced by pixantrone. 24, 27 Interestingly, some cases of sudden death were recorded in rodents during bolus infusion or immediately thereafter, probably related to volume and injection rate. Accordingly, slow infusion is recommended.
Phase I studies
Three Phase I studies have investigated the dose and schedule of pixantrone ( 
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Pixantrone in relapsed/refractory aggressive NHL Criteria was grade IV neutropenia, usually lasting 4-7 days; in contrast, anemia and thrombocytopenia were infrequent. The most common nonhematologic toxicities were nausea and vomiting (Common Toxicity Criteria, grade I-III), and blue discoloration of the skin, veins, and urine. None of the patients treated in these studies experienced cardiotoxic events or symptoms. Cardiac toxicity was carefully monitored in the study by Dawson et al, in which all patients were assessed by echocardiography before starting pixantrone and during treatment. After four cycles, one patient showed a decrease in ejection fraction from 67% to 46%, deemed to be a grade II toxicity according to Common Toxicity Criteria, without clinical sequelae: of note, this patient had a previous history of viral myocarditis. On the basis of these findings, the pixantrone schedule selected for the Phase II trials was 85 mg/m 2 on days 1, 8, and 15 of a 28-day cycle.
Phase II-III single-agent studies
Pixantrone has been tested as a single agent in two prospective studies. The first, reported by Borchmann et al, was an open-label, nonrandomized, noncomparative Phase II study 28 that enrolled 33 adult patients with relapsed aggressive NHL. The patients had mainly diffuse large B-cell lymphoma (73%) or mantle cell lymphoma (21%), their median age was 66 years, and they were previously treated with a median of two cycles; International Prognostic Index (IPI) score was unfavorable (3) in 36% of patients. Further patient characteristics are reported in Table 2 . Pixantrone was administered at a dosage of 85 mg/m 2 on days 1, 8, and 15 of a 28-day cycle, for up to six courses. Most patients (82%) discontinued treatment before the sixth cycle, with a median of two cycles administered per patient; the main reasons for discontinuation were progressive disease (58%) and nonhematologic toxicity (12%). The most relevant toxicity was hematologic (neutropenia, 58%), while nonhematologic toxicity was mild and included hepatobiliary disorders (3%), arthritis (3%), and asthenia (3%), with one toxic death (fatal septicemia) registered. As far as cardiotoxicity is concerned, a significant decrease in left ventricular ejection fraction (LVEF) 10% as measured by multigated acquisition scan was noted in three patients, all of whom were previously treated with anthracyclines; two of these patients had a low cardiac output at baseline, and in one treatment had to be discontinued when the patient developed cardiac symptoms and LVEF decreased to 25%. Five patients achieved a complete remission (15%) and nine had a partial response (27%; five partial responses were unconfirmed), with a median progression-free survival of 106 days; all but one of the patients who achieved a confirmed response had diffuse large B-cell or other high-grade B-cell lymphoma, and only one patient (14%) with mantle cell lymphoma responded with a complete remission.
The second report was an international, multicenter, randomized, active-controlled, open-label Phase III study reported by Pettengell et al 29 and it led to registration by the European Medicines Agency. This trial was designed to assess the efficacy and safety of pixantrone in comparison with single-agent physician's choice therapy in patients with aggressive NHL relapsed or refractory to at least two prior regimens. The primary endpoints were complete remission and complete remission unconfirmed evaluated according to the 1999 International Working Group criteria, 30 with progressionfree survival and overall survival as secondary endpoints. The initial planned sample size was 320 patients, but the study was subsequently closed in September 2007, 3 years after the first patient was enrolled, with only 140 patients randomized (70 per arm) due to very slow accrual. Most of the enrolled patients had diffuse large B-cell lymphoma (76% in the pixantrone arm versus 73% in comparator arm) or transformed indolent lymphoma (14% versus 13%), with a median age of 60 years versus 58 years, mainly unfavorable Ann Arbor stage Grade III-IV hematologic toxicities (n) Neutropenia (6) Anemia (1) Thrombocytopenia (1) Neutropenia (3) Lymphopenia (5) Thrombocytopenia (2) Neutropenia (12) Anemia (4) Thrombocytopenia (1) Grade III-IV nonhematologic toxicities (n)
Diarrhea (1) Nausea (1) Vomiting (1) Vomiting (1) 
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Volpetti et al and International Prognostic Index scores; baseline patients characteristics were well balanced in experimental and control arm. In the experimental arm, patients received pixantrone at a dosage of 85 mg/m 2 weekly (days 1, 8, and 15 of a 28-day cycle) for up to six courses, while in the comparator arm physicians could choose between six single-agent courses of vinorelbine, oxaliplatin, ifosfamide, etoposide, mitoxantrone, or gemcitabine at prespecified standard doses and schedules. Seventy-one percent of patients in the experimental arm and 76% in the comparator arm did not complete the six planned cycles because of disease progression or relapse (41% in the pixantrone group versus 58% in the comparator group) or adverse events (22% versus 13%, respectively). The response analysis, based on the intention to treat population, showed a benefit in terms of complete remission/complete remission unconfirmed rate and overall response rate for pixantrone (20% versus 5.7%, P=0.021; 37.1% versus 14.3%, P=0.003, respectively). Median progression-free survival was longer in the experimental arm (5.3 months versus 2.6 months, P=0.005) and a trend towards longer median overall survival was observed with pixantrone, but this was not statistically significant (10.2 months versus 7.6 months, P=0.251). An exploratory analysis was performed to investigate if any favorable factor predicting a better outcome was recognizable; an absence of prior anti-CD20 treatment or stem cell transplantation, less than three prior chemotherapy regimens, age 65 years, and female sex were identified as favorable prognostic factors, but prior use of rituximab did not influence the benefit on progression-free survival. Unfortunately, no data are available regarding the relationship between response and specific biological subgroups such as germinal center B-cell-like or activated B-cell, as defined on the basis 
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Pixantrone in relapsed/refractory aggressive NHL of on immunohistochemistry or gene expression profiling. In terms of toxicity, patients in the experimental arm experienced more grade III and IV adverse events (76.5% versus 52.2%); however, the overall proportion of complications was similar in the two groups (97.1% versus 91%). In particular, grade III-IV neutropenia was more common in patients treated with pixantrone (41.2% versus 19.4%), as was febrile neutropenia (7.4% versus 3.0%), while the rate of thrombocytopenia was similar and that of anemia was lower (11.8% versus 10.4% and 5.9% versus 13.4%, respectively). Cardiotoxicity was more common in the pixantrone group (35.3% versus 20.9%), and the most common adverse cardiac event was a decrease in LVEF without symptoms; the median decrease in LVEF from baseline to the end of treatment was 4% (range −25% to +21%) and 0% (range −13% to +10%) in the experimental arm and comparator arm, respectively. No evidence of cumulative, dose-related cardiotoxicity was reported, and decreases in LVEF were not associated with clinical evidence of cardiac impairment. Moreover, patients were previously treated with anthracyclines in both arms (Table 2) , and five patients in the experimental arm had a previous history of congestive heart failure or cardiomyopathy at the time of enrollment whereas none of the patients in the comparator group had a history of these conditions; this might partially explain the higher frequency of cardiac adverse events in the pixantrone group.
Combination therapy studies
Three studies have investigated pixantrone as part of a polychemotherapeutic regimen (Table 3) . Two of these studies were conducted in the relapsed/refractory setting, while the third investigated pixantrone as a first-line treatment. The first study, published by Lim et al 31 in 2007, evaluated the safety, efficacy, and pharmacokinetics of a combination derived from ESHAP in which pixantrone at a single dose of 80 mg/m 2 was substituted for etoposide in patients with aggressive relapsed or refractory NHL. In Phase I, myelosuppression was the dose-limiting toxicity, occurring at the first dose level tested (80 mg/m 2 ), so this was the dose adopted for the Phase II. Nineteen patients with diffuse large B-cell, anaplastic large B-cell, or follicular large cell lymphoma, all previously treated with doxorubicin, were enrolled. Median age was 50 years (range 35 to 75), performance status was good (0 to 1 in all patients), and the patients previously received a median of one line of therapy (range 1 to 7). A total of 70 cycles were administered (median four cycles), and 26 (37%) had to be delayed, mainly because of hematologic toxicity. Thrombocytopenia, neutropenia, and anemia were the most common grade III-IV toxicities, occurring in 95%, 84%, and 53% of patients, respectively; other nonhematologic toxicities were metabolic and gastrointestinal. With regard to cardiotoxicity, seven patients (37%) experienced a 10%-20% decrease in LVEF from baseline or to a LVEF lower than 50%. The overall response rate was 58%, with 37% achieving a complete remission and 21% having a partial response. Six of the eleven responders (55%) underwent stem cell transplantation. Median time to progression and overall survival were 5.7 months and 14.5 months, respectively.
Another Phase I/II trial, reported by Borchmann et al, investigated pixantrone as a substitute for doxorubicin in the classic CHOP (cyclophosphamide, doxorubicin, vincristine, prednisone) regimen to treat relapsed aggressive NHL, including diffuse large B-cell, mantle cell, and follicular grade III lymphomas. 32 Overall, 65 patients with a median age of 62 years (range 26 to 81), mostly with a favorable IPI score (0 to 1 in 69%) and previously treated with a median with one line of therapy (range 1 to 7, including stem cell transplantation in eleven patients), were enrolled. In Phase I of the study, 35 patients underwent dose escalation from 80 mg/m 2 to 180 mg/m 2 , defining 150 mg/m 2 as the dose for Phase II. In the second part of the trial, 20 (67%) of 30 patients received all six planned cycles and all patients were assessed for response. The complete remission rate (including complete remission unconfirmed) was 47% and median overall survival was 17.9 months. The most common toxicity was hematologic in both Phase I and Phase II, with grade III-IV neutropenia in 89% and 97%, anemia in 14% and 30%, thrombocytopenia in 14% and 20%, and febrile neutropenia in 11% and 20% of patients, respectively. Overall, LVEF decreases of 10% from baseline occurred in 14 patients (22%), but seemed to be transient and unrelated to dose. Symptomatic cardiac failure occurred in four patients, but pre-existing cardiac conditions might have confounded causality.
Most recently reported was an open-label, multicenter, comparative Phase II trial enrolling previously untreated patients; 33 this paper is mentioned because it is the only comparative trial available in which pixantrone was given as part of a combination regimen. A total of 124 patients with newly diagnosed diffuse large B-cell lymphoma were randomized 1:1 to receive either a regimen of cyclophosphamide, pixantrone, vincristine, prednisone, and rituximab (CPOP-R) or CHOP-rituximab (CHOP-R) for up to six to eight cycles in patients in complete remission or in partial response after four cycles, respectively. In experimental arm where 61 patients were included, median age was 68 years (range 38 to 88) and 46% of the patients had an unfavorable IPI score (3). In the CPOP-R arm, the submit your manuscript | www.dovepress.com
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Volpetti et al complete remission/complete remission unconfirmed rate was 75% versus 84% for CHOP-R, and the criteria for noninferiority of CPOP-R were not met. Of note, the trial was closed before reaching the planned enrollment of 240 patients, which might explain the failure with regard to this endpoint. The overall response rate was 82% for the CPOP-R arm and 90% for the CHOP-R arm, and median progression-free survival was not reached in the CPOP-R arm and was 40 months in the CHOP-R arm; median overall survival was not reached in either treatment arm. Overall survival rates were lower for patients treated with CPOP-R (hazard ratio 2.37, P=0.029), with more deaths occurring in the CPOP-R arm (30% versus 14%). According to the investigators, it is unlikely that treatment-related toxic effects were responsible for the discrepancy in deaths between the two study arms, given that the most common grade III-IV drug-related adverse events had similar incidence both in experimental and in control arm (neutropenia in 61% versus 62%, febrile neutropenia in 15% versus 16%, anemia in 12% versus 5% and thrombocytopenia in 5% versus 6%, respectively). Serious cardiac events were more common in the CHOP-R arm, and included clinical congestive heart failure, reductions of more than 15% in LVEF from baseline, and elevations in serum troponin T.
Ongoing trials
At the time of publication of this paper, two relevant trials with ongoing enrollment are registered on the ClinicalTrials. gov website, both concerning the treatment of NHL. The first study investigates relapsed diffuse large B-cell lymphoma, transformed from indolent lymphoma, and follicular grade III lymphoma not eligible for stem cell transplantation.This Phase III, multicenter, randomized trial is comparing a pixantrone-rituximab regimen with a gemcitabine-rituximab regimen, with a planned sample size of 350 patients. The second study is a Phase I/II trial enrolling patients with relapsed/refractory B-cell NHL in whom a combination of pixantrone, bendamustine, and rituximab will be investigated, with a planned accrual of 36 patients. No data are available for these studies at present, but preliminary data are expected in August, 2015.
Conclusion
Anthracyclines are still considered to be the cornerstone of treatment for the majority of patients with aggressive B-cell NHL. Unfortunately, the cumulative dose-related cardiac toxicity of these drugs often limits their use in previously treated patients. For this reason, the development of an analog with reduced cardiotoxicity would respond to a relevant medical need. Pixantrone has resulted in a better or similar outcome in terms of response rate and survival when compared with single-agent and combination chemotherapeutic regimens. Obviously, given the period during which these studies were performed, no prospective data are available for comparison with biological agents such as lenalidomide, bortezomib, or ibrutinib, which were recently introduced 
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Pixantrone in relapsed/refractory aggressive NHL for the treatment of relapsed/refractory NHL. Probably the most interesting setting in which pixantrone could be useful is the treatment of chemosensitive relapses. As previously reported, prior treatment with rituximab or more than three prior lines of chemotherapy seem to reduce the efficacy of pixantrone; this observation is also common for other agents in several studies, such as rituximab in the Collaborative Trial in Relapsed Aggressive Lymphoma, 4 and in the case of pixantrone, the power of these observations may be at least partially reduced by the relatively small series investigated. Further studies may be useful to define better the ideal subset of patients and the best time point at which this drug should be administered. Moreover, some studies have reported significant differences in terms of response, depending on the diverse histotypes of NHL enrolled. Accurate histologic selection would be advisable in upcoming studies, including gene expression profiling or immunohistochemical discrimination of diffuse large B-cell lymphoma in germinal center B cell-like and activated B-cell. Finally, a biological study analyzing the potential of pixantrone to overcome the multidrug resistance typically seen with anthracycline could be interesting, considering the relapse/refractory setting in which this drug is actually used.
On the other hand, pixantrone appears to be a safe drug. Its hematologic toxicity is mainly represented by neutropenia, with anemia and thrombocytopenia usually mild to moderate. Moreover, the incidence of severe systemic infection is low, even if the overall risk of infectious complications is relatively high. The susceptibility to infection is at least in part mediated by the deficient immune competence typical of a relapse/refractory patient. One of the principal benefits of the chemical conformation of pixantrone, in which the 5,8-dihydroxy substitution has been removed, is a reduction in treatment-related cardiac toxicity. For this reason, cardiotoxicity was closely monitored in all of the studies reported thus far. In one Phase III trial, in which pixantrone was administered as a single drug, a higher incidence of cardiac events was seen in the experimental arm, even if these events were apparently less severe than those reported with anthracenediones such as mitoxantrone and anthracyclines such as doxorubicin. This observation was not confirmed in the other Phase III trial where pixantrone was substituted for doxorubicin in a first-line CHOP-like regimen, ie, a substantial benefit in the cardiotoxicity profile was observed in the cohort of patients treated with the experimental combination. Moreover, no relationship between cumulative pixantrone dose and symptomatic decrease in LVEF or congestive heart failure was observed. The studies cited in this review have reported cardiotoxicity rates ranging from 7% to 19%; however, grade III-IV toxicities were limited (2%-3%) and usually manageable. Notably, almost all of the patients included had previously received a median cumulative doxorubicin-equivalent dose ranging from 292.9 mg/m 2 to 315 mg/m 2 , below the limit of 400-500 mg/m 2 conventionally considered the safety limit to prevent anthracyclinerelated cardiotoxicity, 34 even if several studies have shown a linear correlation between doses higher than 200 mg/m 2 and cardiac damage. 35, 36 Further, in recent years, many studies have investigated combinatorial strategies, including immunotherapy and chemotherapy, and shown the efficacy of this approach; however, side effects such as cardiac and immunosuppressive toxicities may limit the use of these combinations. 37, 38 Pixantrone, with its activity and favorable safety profile, could represent a promising agent for novel combination regimens aiming to improve progression-free survival. In conclusion, the availability of an effective and apparently less toxic compound such as pixantrone may represent a therapeutic option in the treatment of relapsed/ refractory NHL.
